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. However, there remains concern that the efficacy of Bt crops will be short-lived because of the evolution of resistance in targeted pests. The issue of insect resistance management has generated more data, meetings, and public comment than any other issue related to the re-registration of Bt crops by the U.S. Environmental Protection Agency (4).
The "high dose/refuge" strategy is the most widely used tactic to delay resistance (6-8). However, theoretical models (7, 9, 10) and our recent experimental data (11) indicate that plants containing two dissimilar Bt toxin genes ("pyramided") have the potential to significantly delay the evolution of insect resistance compared with single-gene Bt crops. Pyramided cotton plants ("Bollgard II") with two genes derived from Bt (CrylAc and Cry2Ab2) were approved for commercial use in Australia and the United States in 2002 (12, 13), and several companies are developing new cotton and corn varieties with pyramided Bt genes. However, there is concern that the benefits of pyramided Bt genes for resistance management may be negated if one-gene plants sharing similar Bt toxins continue to be deployed (6, 10). Newly developed pyramided varieties of Bt cotton and corn currently contain the same or similar genes as one-gene (CrylAc for Bt cotton, CrylAb for Bt corn) plants already marketed. If market forces result in a complicated landscape mix of one-and two-gene Bt plants, the impact of the pyramided Bt plants on slowing resistance evolution could be undermined (10). For example, a modeling study suggested that Cry2A resistance evolution in a cotton pest was maximized when Bt cotton varieties expressing one-and two-genes were both available, and that the overall durability of Bollgard II would be greater if it is deployed alone, compared with a sequential or mosaic deployment with Bollgard (CrylAc alone) (12). However, the risk of pest adaptation to pyramided Bt plants used in conjunction with one-gene plants has not been quantified empirically.
Resistance to foliar sprays of Bt has evolved under field conditions in the diamondback moth (Plutella xylostella) (14, 15) and, more recently, in the cabbage looper (Trichoplusia ni) in commercial greenhouses (16) . Furthermore, laboratory populations of Bt-resistant P. xylostella, derived from field populations exposed to different Bt foliar sprays, have survived on transgenic crucifers expressing a high level of CrylAc (17-19) and CrylC (20, 21) proteins. An autosomal recessive gene inP. xylostella has been shown to confer high levels of resistance to four Bt toxins, CrylAa, CrylAb, CrylAc, and CrylF (22), consistent with results from our own strains of P. *ylostella (23) . Similarly, resistance to CrylC in our strains was also autosomally inherited and recessive when tested with CrylC transgenic broccoli (20) and did not show cross-resistance to CrylA protoxins (CrylAa, CrylAb, and CrylAc) (24) . CrylC resistance appears to be controlled by more than one autosomal recessive gene based on inheritance and biochemical studies (20, 21). Subsequent mapping studies have demonstrated that the genes for CrylC resistance in our colony are located in two linkage groups, suggesting that two genes are responsible for CrylC resistance, whereas the gene for CrylA resistance is located in a third linkage group (25) .
The objective of this study was to determine whether the concurrent use of one-and two-gene plants will select for resistance more rapidly than the use of two-gene plants alone. We used a unique model system (11), composed of broccoli plants transformed to express different Cry toxins (CrylAc, CrylC, or both) and populations of P. xylostella carrying resistance to each of the Bt Cry toxins, to conduct a selection experiment in the greenhouse. We then compared the experiThis paper was submitted directly (Track II) to the PNAS office.
Abbreviations: Bt, Bacil/us thuringiensis; Cry1Ac-R, Cry1Ac-resistant strain; Cry1 C-R, Cry1 Cresistant strain. The density of P. xylostella on non-Bt refuge plants varied from 50-140 larvae and pupae per plant between generations and treatments (Fig. 1B) , indicating that oviposition was relatively stable throughout the experiment and that there were insects available to reinfest transgenic plants in all treatments and cages.
Resistance Evolution in P. xylostella Larvae. Resistance to Cry1Ac.
Mean survival of P. rylostella on CrylAc broccoli was over 50So after 11 generations of selections in treatment 1, significantly higher than the survival of larvae in treatments 2 and 3 (Fig. ) . Survival of larvae on CrylAc broccoli in treatment 2 did not reach 50No until the 24th generation of selection. Survival of larvae in treatment 3 did not exceed 5% in any replicate for the duration of the experiment. Resistance to Cry1C. Mean survival of P. xrylostella larvae on Cryl C broccoli exceeded 50% after 21 generations of selections in both treatments 1 and 2, whereas larval survival in treatment 3 was almost nil (Fig. 2B) . Resistance to Cry1Ac/Cry1C. A marked increase in resistance to two-gene plants was observed in one replicate of treatment 1 after 13 generations of selection. After 24 generations of selection, the mean survival of larvae on two-gene plants was over (Fig. L4) .
In treatment 1, CrylAc plants were completely defoliated between generations 12 and 13 and were replaced by two-gene plants thereafter. Control failure and high insect densities were observed on two-gene broccoli plants in one replicate by generation 19 and in all other replicates by generation 26. In dozen generations but only about four (Fig. 3B) . We cannot be certain as to why this happened, but resistance to CrylAc and the consequent loss of effectiveness of the pyramided plants evolved closer to predictions than for CrylC, at about generations 24 (observed) and 17 (predicted). From the model, it appears that the resistance alleles for CrylAc were increasing during the slow selection for CrylC, at frequencies too low for us to measure experimentally, but were primed for rapid increase.
The model did not accurately predict trends in population densities (data not shown), most likely reflecting that the population dynamics in the cages was more complicated than we could adequately model. Varying population growth rates had little effect on rates of change in resistance frequency.
Discussion
We used a model system of Bt broccoli plants and P. xylostella (11) Fig. 2B) . These results lend additional support to the conclusions drawn from our previous experiment (11) regarding the advantage of gene pyramiding for resistance management. Our results also show that an insect population can develop resistance to pyramided Bt plants expressing two dissimilar toxins.
As in our previous study (11), the initial allele frequency used in the present experiment was much higher than what is expected for most insects targeted by Bt crops (generally 0.001 or less) (7). Because of the relatively small population in a cage (n = 500 initially; n < 4,000 eggs laid after F1 and before control failure), it was necessary to use relatively higher initial resistance allele frequencies to obtain at least some survivors on either CrylA or CrylC Bt broccoli and thereby to assure that resistance would evolve in some treatments in the experiments. Otherwise, one might erroneously conclude that resistance could not evolve at all, when it surely could where such genotypes were present in a much larger field population. Results from the model indicated that the benefits of pyramiding and the use of two-gene plants alone are much better when initial resistance allele frequencies are lower than 0.001, an effect shown earlier for transgenic crops (9) and even earlier for mixtures of insecticides (31) .
Models can serve as useful tools to evaluate the relative effectiveness of different resistance management strategies (6). The results of the greenhouse experiment were in close agree-@ Cry1M, 3redicUd -^= -Cry1Cf observed Cry1 observed --Eg -2fflene, predicted =& = Cry1C, predicted 60% and 30% in treatments 1 and 2, respectively, both of which were significantly higher than in treatment 3 (0%) (Fig. 2C) .
After termination of the experiment at generation 26, the progeny larvae from the cage (replicate) in treatment 3 with the fewest numbers of larvae and pupae surviving on two-gene Bt plants showed 1.3% survival on CrylAc broccoli (n = 1,000) and 0.5% on CrylC broccoli (n -1,000), indicating that resistance alleles for both CrylA-R and CrylC-R were present in the cage. As expected, there was no survival on plants with both toxins. The survival of susceptible larvae was zero on CrylAc or CrylC plants tested under the same conditions. Predicted and Observed Results. The genetic simulation model predicted rapid resistance evolution to CrylAc, CrylC, and both toxins with control failure for Bt plants by generation 26 in treatments 1 (Fig. 3A) and 2 (Fig. 3B) and no evident resistance evolution in treatment 3 (predicted data not shown because of overlaps for all points close to zero; observed data shown in Fig.  2 ). In particular, the model predicted for treatment 1 (Fig. 3A ) that resistance will evolve first to the toxin that is being used singly in 10-12 generations. Resistance then evolves to the remaining effective toxin and therefore also to the pyramided plants, again in 10-15 generations (that is, once resistance has evolved to one toxin, selection acts effectively solely on the second toxin).
Treatment 2 was more perplexing, because although the resistance also evolved sequentially, resistance to CrylC evolved even more slowly than expected for resistance under control of two genes. Perhaps most surprising is that treatment 2 suggests that a pyramided crop could fail rather rapidly after resistance evolved to the single toxin (CrylC) plants. Survival on CrylC broccoli in treatment 2 did not exceed 50% until generation 21, considerably later than the model predicted (generation 6), but subsequent resistance to CrylAc in this case did not take another 
